Abstract African Americans have increased susceptibility to non-diabetic (non-DM) forms of end-stage renal disease (ESRD) and extensive evidence supports a genetic contribution. A genome-wide association study (GWAS) using pooled DNA was performed in 1,000 African Americans to detect associated genes. DNA from 500 non-DM ESRD cases and 500 non-nephropathy controls was quantified using gel electrophoresis and spectrophotometric analysis and pools of 50 case and 50 control DNA samples were created. DNA pools were genotyped in duplicate on the Illumina HumanHap550-Duo BeadChip. Normalization methods were developed and applied to array intensity values to reduce inter-array variance. Allele frequencies were calculated from normalized channel intensities and compared between case and control pools. Three SNPs had p values of \1.0E-6: rs4462445 (ch 13), rs4821469 (ch 22) and rs8077346 (ch 17). After normalization, top scoring SNPs (n = 65) were genotyped individually in 464 of the original cases and 478 of the controls, with replication in 336 non-DM ESRD cases and 363 non-nephropathy controls. Sixteen SNPs were associated with non-DM ESRD (p \ 7.7E-4, Bonferroni corrected). Twelve of these SNPs are in or near the MYH9 gene. The four non-MYH9 SNPs that were associated with non-DM ESRD in the pooled samples were not associated in the replication set. Five SNPs that were modestly associated in the pooled samples were more strongly associated in the replication and/or combined samples. This is the first GWAS for non-DM ESRD in African Americans using pooled DNA. We demonstrate strong association between non-DM ESRD in African Americans with MYH9, and have identified additional candidate loci.
accounted for 40% of ESRD cases in 2008 (U.S. Renal Data System 2008) . Intensive hypertension control does not prevent hypertensive ESRD in African Americans (Appel et al. 2008 ). These observations suggest that an inherited susceptibility to nephropathy is present.
Despite this high incidence rate, only recently have studies begun to shed light on the genetic basis of susceptibility to non-DM ESRD in African Americans. We recruited a large collection of African American pedigrees containing members with non-DM ESRD (hypertensionand chronic glomerulonephritis-associated) and a corresponding large collection of unrelated African American controls lacking nephropathy. Initial linkage studies in African American sib pairs identified several regions linked with non-DM forms of ESRD (Freedman et al. 2004 . Follow-up candidate gene studies evaluated gene variants which may contribute to susceptibility to non-DM forms of ESRD (podocin (Dusel et al. 2005) , ephrin-B2 (Hicks et al. 2008) , klotho (in press). Most of these variants were relatively rare and did not contribute significantly to risk in the overall population. More recently, MALD analysis (mapping by admixture linkage disequilibrium) identified variants in the MYH9 gene which are common in the African American population and contribute significantly to risk of non-DM ESRD (Kao et al. 2008; Kopp et al. 2008; Freedman et al. 2009b) . Despite the significant impact of MYH9 on non-DM ESRD, not all subjects with MYH9 risk alleles progress to ESRD, indeed, approximately 4% of risk allele carriers progress to ESRD, whereas 57% of nonnephropathy controls possess at least one copy of the risk haplotype. This suggests that factors in addition to MYH9, environmental and/or genetic, contribute to the increased risk for ESRD in this population.
To identify candidate genes associated with non-DM ESRD, we performed a genome-wide association study (GWAS) using 500 African American non-DM ESRD cases and 500 non-nephropathy controls. While a great deal of information can be derived from GWAS, the cost and labor involved in large scale genotyping is substantial. To reduce the cost and time investment, DNA samples can be combined into pools and loaded on arrays, thereby reducing the total number of arrays necessary. Allele frequencies are generated for each pool and compared between cases and controls. DNA pooling for genome-wide association has previously been successful in the identification of disease-associated loci in type 2 diabetic ESRD (Hanson et al. 2007 ), rheumatoid arthritis (Steer et al. 2007) , and schizophrenia (Kirov et al. 2009 ). In a comparison between DNA pools genotyped on the Illumina HumanHap300 array and individual genotyping, Macgregor et al. (2008) demonstrated that [80% of the information derived from individual genotyping could be obtained using pooled DNA. The studies of rheumatoid arthritis and schizophrenia also identified known candidate genes in the top hits from the GWAS using pooled DNA, demonstrating the value of this technique in the identification of candidate genes associated with complex disease.
We used pooled DNA samples in a GWAS to identify candidate genes associated with non-DM ESRD in African Americans. Allele frequencies estimated from pooled control samples were compared to frequencies from individual genotyping in order to verify the accuracy of pool construction. We demonstrate that DNA pooling can be a cost effective way to identify candidate genes associated with non-DM ESRD.
Methods

Subjects
Cases were unrelated, self-described African Americans with ESRD receiving renal replacement therapy. Cases were recruited from dialysis and transplant facilities in North Carolina, South Carolina, Virginia and Tennessee. These individuals were categorized as having non-DM ESRD if they had no indication of diabetes in their medical history, either through self-reporting or through review of medical records. Controls were self-reported African Americans [18 years of age who were recruited from community sources and medical clinics in North Carolina. Controls denied a history of kidney disease. Each participant provided 40 ml of blood for DNA extraction. All protocols were approved by the Wake Forest University Institutional Review Board. Percentage of African ancestry was calculated for each individual from genotyping 70 ancestry informative markers (AIMs), as previously published . Age, BMI, and percentage of African ancestry were compared between cases and controls using a Mann-Whitney Rank Sum Test (SigmaStat 3.5, Systat Software, San Jose, CA). Proportion of females between cases and controls were compared using a z test (SigmaStat 3.5).
DNA extraction and quantification DNA was extracted from whole blood using the AutoPure LS automated DNA extraction robot (Gentra Systems, Minneapolis, MN). DNA was quantified using a Nanodrop Spectrophotometer (Thermo Scientific, Wilmington, DE). Aliquots were also run individually on agarose gels and compared to a calf thymus standard to confirm quantitation and sample quality. Samples with degraded DNA were excluded. DNA pooling DNA from 500 non-DM ESRD case samples and 500 controls were selected for the DNA pools. DNA samples were normalized to 50 ng/ll each. Ten case and control pools were constructed containing 50 samples each, with a final concentration of 50 ng/ll. Each pool was genotyped in duplicate on the Illumina HumanHap550-Duo BeadChip (Illumina, San Diego, CA) using the Illumina Infinium II Assay (http://www.illumina.com). BeadChips were imaged on the Illumina BeadStation 500 GX at the Center for Human Genomics at Wake Forest University. Individual red and green channel intensities for each BeadChip were extracted from the BeadStation. With the BeadChip technology, individual markers are hybridized to several beads, this redundancy leading to increased genotyping success and efficiency. As a result, there are anywhere from 1 to 54 reads per SNP on each chip. The average number of reads per SNP was 15. Individual SNPs with fewer than five reads per chip were removed from further analysis. For each BeadChip, red and green intensity values (reads) for each SNP were averaged, resulting in a single pair of intensity values for each SNP.
Normalization
The fluorescent intensity data were normalized using two methods. The first method, denoted ''channel mean'' method in Fig. 1 , follows the approach by Macgregor et al. (2008) to account for the bias in the green channel intensity. For each array, a multiplier is computed that consists of the ratio of the means of the red channel and the green channel. Fluorescent intensities are then adjusted by the multiplier resulting in the mean green channel intensity being equal to the mean red channel intensity for each array. However, this approach does not adjust for differences in the variance of the two channels and assumes that the relationship between red and green channels can be approximated by a linear function. In the second method, denoted as the ''log array mean'' method adapted from systematic variation normalization (Chou et al. 2005) , the minimum intensity value, considered as background, for each channel (i.e., red, green) and array was subtracted from each SNPs intensity value; here, the minimum ignores those outliers in the raw intensity distribution. The resulting distribution was base 2 logarithm transformed and each channel and array was scaled (multiplied) to the global average in the combined case/control sample. Next, two reference data sets for both the red and green channels were generated by averaging the processed red and green control data across all arrays, respectively. A third degree polynomial regression was applied to the data from each channel against its corresponding (red or green) reference data. The regression line was used only to adjust the channel data. The reference data were fixed and the regression residual was preserved. After the adjustment, the new regression line was a straight line and had an intercept at zero and a slope of one.
Statistical analysis of pooled GWAS
Relative allele frequencies (RAF) were calculated from normalized fluorescent intensities using the following formula: RAF = (red intensity)/(red intensity ? green intensity). Allele frequencies in cases and controls were analyzed by unpaired two tailed Student's t tests under both equal variance and unequal variance assumptions. To control for multiple testing in GWAS, p \ 0.00001 was taken as the lowest limit of significance to eliminate false positive significant p values. The two normalization methods were compared based on the inflation of the test statistics and the corresponding Q-Q plots (Fig. 2) . The inflation factor was calculated as the median of v 2 test statistic with 1 degree of freedom which was transformed from Student's t test p value divided by the expected value of this median under the null hypothesis of no association of any SNP.
Comparison to individual genotyping
Thirty-six SNPs from the Illumina HuHap550 array were genotyped individually using the Sequenom MassArray Genotyping platform (Sequenom Inc, San Diego, CA) on all case and control samples used in the pooling GWAS. Hum Genet (2010) 128:195-204 197 Allele frequencies were compared using a t test and resulting p values were compared to those calculated from the DNA pooling GWAS. Control DNA samples from the pooled GWAS were also genotyped individually on the Affymetrix 6.0 (Affymetrix, Santa Clara, CA) chip as part of another GWAS performed by the Center for Inherited Disease Research (CIDR). RAFs calculated from the control pools were compared with allele frequencies calculated from the individual genotyping on 166,033 SNPs which overlapped between the Affymetrix 6.0 chip and the Illumina HuHap550-Duo BeadChip. Spearman correlation coefficients were calculated between the allele frequencies derived from the pooled and individual genotyping data.
Individual genotyping of top SNPs
Sixty-five SNPs were chosen from the most significant results from the DNA pooling GWAS using both normalization methods, with preference toward the log array mean normalized data. These SNPs were individually genotyped on the 500 African American non-DM ESRD cases and 500 controls from the pooling GWAS using the Sequenom MassArray Genotyping platform (Sequenom Inc, San Diego, CA). Primers were designed using the Sequenom Assay Design 3.1 tool and will be made available upon request. After initial genotyping of the individuals from the pooled GWAS, the 65 SNPs were again individually genotyped in a replicate sample of 336 cases and 363 controls. Genotyping efficiency was greater than 95% for all SNPs. Individual genotyping data were analyzed using the analysis program SNPGWA (Steigert et al. 2009; Harley et al. 2008) . Data were tested for conformity to Hardy-Weinberg proportions, then for association with disease status using the two degree of freedom test with the accompanying genotypic models (dominant, additive and recessive). Association analyses were adjusted for age, gender, BMI, and percentage of African ancestry.
Due to the highly significant association of the MYH9 gene with non-diabetic ESRD in African Americans, we tested the individually genotyped SNPs for interaction with MYH9 risk status. We performed tests of association for gene-gene interaction on cases only between the top 65 SNPs and MYH9-E1 risk markers. This test models MYH9-E1 risk as the response for all individuals with recessive haplotypes at SNPs rs4821480 and rs3752462 (as described in Kopp et al. 2008 ) and adjusting for age, gender and percentage of African ancestry. To ensure the assumption of independence between a gene and MYH9-E1 risk status, markers on chromosome 22 in LD with MYH9-E1 were not considered.
Results
Demographic data
African American non-DM ESRD cases were older, had lower BMI, fewer females, and increased percentage of African ancestry compared to non-nephropathy controls (Table 1) . Within case and control groups, age, gender, BMI, and African ancestry were similar between the pooled and replication samples.
Pooled GWAS data normalization
The data generated from the Illumina BeadStation for the pooled DNA GWAS were obtained as raw intensity values for the red and green channels, each representing one allele of the SNP. Previous studies using pooled DNA have demonstrated that the array normalization methods designed for the Illumina BeadStation are not appropriate for pooled DNA data (Macgregor et al. 2008) . We normalized the array intensity data using the two methods depicted in Fig. 1 : ''channel mean'' and ''log array mean''. After normalization, comparison of the mean fluorescent intensities demonstrated that the ''log array mean'' normalization method reduced the interarray variance in the fluorescent intensity from 0.031 (channel mean normalized data) to 5.36E-06 (log array mean normalized data).
Allele frequencies were calculated from both sets of normalized data, and allele frequencies were compared between cases and controls using a t test. Q-Q plots were used to compare the p value data quartiles from each normalization scheme to that of a normal distribution to estimate the data inflation for each method (Fig. 2) . The ''log array mean normalization'' method reduced the data inflation from 1.28 for the channel mean normalization method to 1.13.
To determine the accuracy of the genotyping on pooled DNA samples, we compared the results of the pooled GWAS to individual genotyping allele frequencies and p values. First, we compared t test p values calculated from the pooled GWAS to that calculated from individual genotyping data at 36 SNPs for all the 500 cases and controls (Supplementary Figure 1) . The Spearman correlation coefficient was 0.79 indicating significant concordance between pooling and individual genotyping. Next we compared allele frequencies in the 500 control samples from the pooling GWAS with individual genotyping on the same samples on the Affymetrix 6.0 array. This comparison consisted of 166,033 SNPs which overlapped between the Affymetrix 6.0 and the Illumina HumanHap550-duo arrays. A plot of the RAFs from the pooled and individual genotyping on a single pool of 50 control samples is shown in Fig. 3 (the remaining 9 control pools are shown in Supplementary Figure 2) . Although over and under estimation of allele frequency was present in the extremes, the pooling and individual genotyping allele frequencies were well correlated. The Spearman correlation coefficients for each of the ten control pools ranged from 0.96 to 0.97 and were consistent between pools (Supplementary Table 1 ).
Pooled GWAS
The log 10 (1/p) of the top 5,000 SNPs of the log array mean normalized data is shown in Fig. 4 . While none of the SNPs reached acceptable levels of genome-wide significance [log 10 (1/p) = 8], several SNPs were highly associated under the t test (with equal and unequal variance). Three SNPs had p values less than 1.0E-6, rs4462445 Hum Genet (2010) 128:195-204 199 (ch 13), rs4821469 (ch 22) and rs8077346 (ch 17). One of these SNPs, rs4821469, is located between the ApoL2 and ApoL4 genes, and about 100 kb from the MYH9 gene which is strongly associated with non-DM ESRD in African Americans (Kopp et al. 2008; Freedman et al. 2009b) . A number of other SNPs in this region of chromosome 22 were also associated with non-DM ESRD and had less significant p values (\10 -6 ).
Individual genotyping and replication
Top scoring SNPs from both normalization methods, with prioritization on the ''log array mean'' dataset were chosen for follow-up through individual genotyping of the original group of 500 cases and 500 controls and replication in an additional group of 336 cases and 363 controls. Of the 1,000 cases and controls, 36 cases and 22 controls were not included in analysis due to failed genotyping or missing phenotypic data. For individual genotyping of the pooled samples, three SNPs, rs4751759, rs17608620, and rs139998, deviated from Hardy-Weinberg equilibrium in the control samples (7.7E-4; Bonferroni corrected). Association analysis revealed that 16 SNPs were associated with non-DM ESRD (p \ 7.7E-4; Table 2 ). Twelve of these SNPs are located on chromosome 22, in or near the MYH9 gene. Of the remaining four SNPs, two are located on chromosome 8, rs4733947 and rs10112543, although on different arms [8p11.22 (TACC1) and 8q23.3 (CSMD3), respectively] and rs2034906 and rs4462445 are located on chromosome 3 (in HLTF) and chromosome 13 (3 0 of FLT1), respectively.
Nearly all significantly associated MYH9 SNPs remained associated with non-DM ESRD in the replication samples (Table 2) . When the two sets of samples were combined, the chromosome 22 SNPs in MYH9 were the most strongly associated, with p values ranging from 2.26E-8 to 1.78E-19. The four non-MYH9 SNPs that were associated with non-DM ESRD in the original set of pooled samples were modestly associated in the combined set, most likely driven by the data in the pooled samples.
SNPs from individual genotyping were prioritized as follows: (1) significant association with non-DM ESRD in the original samples, replication samples and combined analysis, (2) association in the combined sample was stronger than association in either of the two groups individually, (3) significant association in either the original sample or the replication set and potential for functional relevance in ESRD. Using these criteria, we identified six genes or regions for follow-up studies (Table 3) . While many of these SNPs are not significantly associated under Bonferroni corrected p values, the increased significance in the combined analysis, and potential functional relevance of some of these genes indicate that they should be targets for follow-up candidate gene analysis.
MYH9 interaction analysis
We tested the 55 individually genotyped SNPs (excluding SNPs on chromosome 22) for interaction with MYH9 risk haplotype status (Supplementary Table 2 ). While none of the SNPs were associated under a Bonferroni corrected p value (7.0E-04), three SNPs were modestly associated with either the pooled, replication or combined set of samples, rs11579379 (ch 1), rs10112543 (ch 8), and rs4751759 (ch 10).
Discussion
We have demonstrated the utility of pooled DNA samples in the first genome-wide association analysis for non-DM ESRD in African Americans. There are several advantages of using pooled DNA for large scale genotyping, in particular the reduction in time and cost of genotyping. For example, we ran 40 Illumina Beadchips in 1 week for this GWAS (10 case and 10 controls pools run in duplicate), whereas genotyping individual samples would have required 1,000 chips and several months of laboratory time. The use of pooled DNA for GWAS does have some limitations. Any pooling-based study is subject to error imposed by the creation of the pool. Great care was taken to accurately determine concentration and quality of the DNA used for the pooling GWAS. Based on the high correlation between allele frequencies from pooling and individual genotyping, we can conclude that the error due to pooling is minimal. Using pooled samples we also have limited power to detect certain effects. That we were able to detect SNPs in the most strongly associated gene to date (MYH9) demonstrates that we had enough power to detect a strong association and lends confidence to some of the other high ranking SNPs we have identified. Finally, the Genet (2010) 128:195-204 201 HuHap550 bead chip that was used for this GWAS was not comprehensive for an African American sample and some signals may have been missed due to inadequate coverage for this population. Success of a pooled GWAS is based largely on the accuracy of pool construction. Using the individual genotyping data on the controls from a GWAS that was performed on the Affymetrix 6.0 array, we were able to show a high level of correlation (0.96-0.97) between allele frequencies derived from pooled DNA and individual genotyping. This indicated highly accurate pool construction and genotyping. The level of correlation was also consistent among the individual pools, further supporting the quality of the pooled genotyping data.
Despite the high quality of the pooling data, we were unable to demonstrate association of any SNP at genomewide levels of significance [log 10 (1/p) = 8]. Three SNPs had p values approaching genome-wide significance. Notably, there were a number of SNPs with values above five in the MYH9 region of chromosome 22. Variants in the MYH9 have a substantial effect on risk for non-DM ESRD in African Americans (Kao et al. 2008; Kopp et al. 2008 ). That we replicated this association with our highest scoring SNPs in the pooled GWAS lends veracity to our data and supports the potential for true association at other high scoring loci.
The pooling GWAS was followed-up with individual genotyping of the top scoring SNPs from both normalization methods; with emphasis on the log array mean normalized data because it had the lowest inflation (1.13). Significant p values in chromosome 22 SNPs in the region of MYH9 ranged from 0.027 to 2.6 9 10 -14 . The majority of these SNPs were also associated with non-DM ESRD in the smaller replicate sample and in the combined analysis. Four other SNPs (rs4658749, rs350792, rs1928722, and rs155705) were well associated (p \ 3.0 9 10 -4 ) in the pooled GWAS, but were not as well associated in the individual genotyping of the pooled and replicate samples. These SNPs, located in KIF26B, LOC254312, TMEM132D and an intergenic region, were more (or equally) significantly associated after the samples from individual genotyping were combined. It is unclear as to why these SNPs were not associated in the replication samples. The replication sample set was smaller and therefore had less power than the analysis of the original set of cases and controls or all samples combined. It is possible that there was not enough power in the replication sample set to detect association and that the association was equally or more significant in the combined sample set leads us to believe that these associations may be genuine.
MYH9 has already been shown to be strongly associated with ESRD and has been studied in a number of renal disease (Freedman et al. 2009a, b, c, d) . We hypothesize that there are secondary factors which, combined with MYH9 risk alleles, lead to ESRD. For example, in HIV-associated nephropathy (HIVAN), having MYH9 risk alleles and HIV infection significantly increases the risk for ESRD (vs. HIV alone) (Kopp et al. 2008 ). Other ''secondary hits'' could include other (non-HIV) viral infections, environmental factors, or additional genes, particularly those whose functions interact with MYH9. The remaining loci we have identified may fall into the category of ''second hits'' or gene-gene interactions (Table 3) . KIF26B (kinesin family member 26B) is a nucleotide binding protein which is involved in microtubule motor activity in the cell and could be important for maintaining podocyte cytoskeletal structure. CTXN3, cortexin 3, is expressed exclusively in the brain and kidney; however, its function is unknown (Wang et al. 2007 ). TMEM132D is a transmembrane protein with no known functional relevance to renal disease. There was also significant association at one SNP (rs1928722) in a hypothetical gene LOC254312 and one SNP (rs350792) in an intergenic region with no known genes within 500 kb. These genes and regions will be tagged as part of follow-up candidate gene analysis in our non-DM ESRD population. Future studies include genotyping top hits from this GWAS on individual case and control samples using a 1,536
GoldenGate array from Illumina. Analysis of this data will include standard association analyses, as well as interaction with MYH9, to identify potential ''second hit'' genes which might work in concert with MYH9 to lead to ESRD.
We performed the first GWAS for non-DM ESRD in African Americans using pooled DNA. Using allele frequencies from individual genotyping on control samples, we have demonstrated accuracy in pool construction and genotyping in these samples and developed a novel method for normalization of the intensity data to reduce inter-array variance in the samples. In the pooling GWAS, we confirmed association with the MYH9 gene, further supporting the accuracy of the pooled DNA genotyping. We also identified several genes and regions that will be followedup as part of candidate gene analysis with the intent of identifying a ''second hit'' gene that may interact with MYH9 and contribute to the risk of ESRD in African Americans.
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